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Surface Albedo from Bidirectional Reflectance 
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T o t a l  hemispherical shortwave reflectance (al- 
bedo) is a major parameter of interest for studies of 
land surface climatology and global change. Efforts' 
to estimate albedo from remote sensing data have 
been constrained by the available instrumentation 
that typically provide observations of reflected ra- 
diance from a single view direction in narrow 
spectral bands'. However, the capability to obtain 
multiple angle observations over the shortwave re- 
gion is planned for Earth Observing System sen- 
sots. In this paper, methods for estimating albedo 
from multiple angle, discrete wavelength band ra- 
diometer measurements' are examined. The meth- 
ods include a numerical integration technique and 
the integration of an empirically derived equation 
fi)r bidirectional reflectance. The validity of the 
described techniques is examined by comparing 
albedo computed front multiband radiometer data 
with simultaneously acquired pyranometer data 
from vegetated and bare soil surfaces. Shortwave 
albedo estimated from both techniques agree favor- 
ably with the independent pyranometer measure- 
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ments. Absolute root mean square errors were 0,5% 
or less for both grass sod and bare soil surfaces. 

INTRODUCTION 

As a component of the radiation budget, total 
hemispherical shortwave reflectance (albedo) is a 
major parameter of interest to biospheric (e.g., 
Sellers, 1985) and climatological (e.g., Dickinson, 
1983) studies. In addition, surface albedos are 
required for radiative transfer models, numerical 
weather prediction models, and global climate 
models (Wiesnet and Matson, 1983). Past efforts to 
estimate albedo from remote sensing data have 
been constrained by the available instrumentation 
(Pinker and Ewing, 1986). Since albedo is the total 
reflectance of the surface integrated over all angles 
of the upward hemisphere, it cannot be directly 
measured by aircraft- or spacecraft-based remote 
sensing instrumentation. As a consequence, albedo 
is often assumed invariant with land surface cover 
(Pinker and Stowe, 1990; Saunders, 1990) or as- 
sumed to be equivalent to nadir reflectance factor. 

Over the past decade numerous studies have 
been conducted to estimate albedo or spectral 
hemispherical reflectance of surfaces from bidirec- 
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tional reflectance measurements. Kriebel (1979) 
calculated the total shortwave albedo of four cover 
types (savannah, bog, pasture land, and coniferous 
forest) from multiple direction data obtained by an 
airborne, eight channel, scanning radiometer. 
Kimes and Sellers (1985) computed spectral hemi- 
spherical reflectances of several bare fields, grass 
canopies, and row crop canopies from multiple 
direction observations obtained with a field ra- 
diometer. Walthall et al. (1985) developed a 
three-term equation which describes bidirectional 
reflectance as a function of view direction relative 
to the solar direction. The equation was fit to 
multiple direction data from several bare soil sur- 
faces and a soybean canopy. The equation was 
then analytically integrated to derive hemispheri- 
cal reflectances for the various surfaces. Irons 
et al. (1987) used the equation of Walthall et at. 
(1985) to estimate the spectral hemispherical re- 
flectances of bare soil, soybeans, and orchardgrass 
from multiple direction data acquired by a 
pointable, airborne, imaging radiometer. 

Several researchers have examined the errors 
involved in estimating hemispherical reflectance 
from nadir or off-nadir reflectance measurements. 
The study of Kimes and Sellers (1985) showed 
errors as great as 45% when they compared esti- 
mates of hemispherical reflectance derived from 
nadir measurements to estimates derived from a 
series of off-nadir measurements. Kimes et at. 
(1987) continued the analysis of hemispherical 
reflectance to include multiple nadir spectral re- 
flectances and multiple off-nadir view angles ac- 
quired in specific azimuthal planes. Hemispherical 
reflectances inferred from nadir observations were 
reported to be in error by as much as 26%, whereas 
utilizing several off-nadir measurements within a 
given azimuth direction improved the error to 4%. 
Irons et al. (1988) expanded the methods reported 
by Kimes to include integration over seven dis- 
crete wavelength bands within the 0.4-2.4 /xm 
portion of the spectrum. They used these tech- 
niques to follow the diurnal and seasonal dynamics 
of shortwave albedo of prairie grass. In all of the 
above studies "true" values of hemispherical spec- 
tral reflectance or shortwave albedo were derived 
from the full set of off-nadir measurements and not 
from independent data from a hemispherical sen- 
sor such as a pyranometer. 

In the study reported here the validity of 
integrating over discrete wavelength bands to esti- 

Table 1. Downwel l ing  Solar I r radiance at the Ear th ' s  Sur- 
face as a Funct ion  of  Spectral Band a 

Corresponding 
MMR 

Spectral Spectral Total DownweUing 
Band (Ixm) Band (Ixm) Irradiance (W / m  2) 

1 0.30-0.52 0.45-0.52 110 
2 0.52-0.62 0.52-0.62 100 
3 0.62-0.69 0.63-0.69 63 
4 0.69-1.15 0.75-0.88 255 
5 1.15-1.35 1.15-1.30 60 
6 1.35-1.50 - -  4 
7 1.50-1.85 1.50-1,85 51 
8 1.85-2.08 - -  6 
9 2.08-2.35 2.08-2.35 19 

10 2.35-3.00 - -  3 

~Values derived from the LOWTRAN-6 computer code 
(Kneizys et al., 1983) for a clear, rural midlatitude atmosphere with 
solar zenith angle = 45 °. 

mate total shortwave bidirectional reflectance of 
vegetated and bare soil surfaces is examined. In 
addition, the angular integration techniques re- 
ported by Kimes and Sellers (1985) and the empir- 
ical model approach of Walthall et al. (1985) for 
estimating hemispherical reflectance were evalu- 
ated using independent shortwave albedo data (i.e., 
pyranometer data) acquired coincident with bidi- 
rectional reflectance measurements of grass and 
bare soil surfaces. 

DATA ACQUISITION 

A Barnes Model 12-1000 Modular Multiband Ra- 
diometer (MMR) with a 15 ° field-of-view (FOV) 
was used to measure reflected radiance in seven 
spectral bands (Table 1) from fields of bluegrass 
sod (Poa sp.) and bare soil (fine-loamy, mixed, 
mesic Fluvaquentic Dystrochrept). The grass field 
was uniform, level, and mowed to a height of 5 cm 
before data acquisition. The bare soil field was also 
level with a moderately rough surface produced by 
tilling with a disk plow (Irons and Smith, 1990). 

The radiometer was mounted on a boom at 
2.0 m above the soil surface and reflected radiance 
was measured sequentially at 15 view zenith an- 
gles (out to 70 ° on both sides of nadir in 10 ° 
increments) in each of four azimuthal planes for a 
total of 60 observations. Operationally, the instru- 
ment was aligned with the solar principal plane by 
positioning the shadow cast by a thin dowel along 
the axis of the boom. Rotating the boom 90 ° aligned 
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the instrument with the principal plane. The mea- 
surement sequence was started with the instru- 
ment pointed in the direction of the sun at a view 
zenith angle of 70 ° and continued at 10 ° incre- 
ments through nadir and out to 70 ° in the antisolar 
direction. The boom was rotated 45 ° in azimuth 
and measurements were acquired for azimuth di- 
rections of 45 ° and 225 ° . This procedure was re- 
peated by rotating the boom in increments of 45 ° 
to acquire view zenith measurements for azimuths 
of 90 ° and 270 ° , and 135 ° and 315 ° thus complet- 
ing a set of 60 angular measurements. By continu- 
ing in a clockwise direction, a second set of obser- 
vations were similarly acquired. With this method 
it was possible to acquire the two full sets of 60 
angles in less than 10 min. 

The geometry of these observations is illus- 
trated in Figure 1. Note that the azimuthal plane 
of observation is defined by the sensor, the target, 
and a line through the target perpendicular to the 
surface. The principal azimuthal plane is defined 
by the sun, the target, and the perpendicular line 
through the target. 

A second MMR was positioned over a barium 
sulfate (BaSO 4) painted panel and spectral radi- 
ances were measured at 30-s intervals throughout 
the day. In addition, a pair of Eppley pyranome- 
ters were mounted on a boom with one measuring 
hemispherical downwelling shortwave (0.3-2.8 
/xm) radiation (pointing skyward) and the other 
measuring hemispherical reflected radiance from 

Table 2. D a t a  Acquis i t ion  T i m e s  and  Solar Angle  Limi t s  for 
Bidirect ional  Ref lec tance  M e a s u r e m e n t s  

Solar Solar 
Zenith Azimuth 

Date Data Set Time (EDT) Angle (deg) Angle (deg) 
(Target) Number Start End Start End Start End 

5/12/1988 
(sod) 

6 / 2 9 / 1 9 8 9  
(bare soil) 

6 / 3 0 / 1 9 8 9  
(bare soil) 

1 1009 1019 43 41 108 108 
2 1030 1043 39 37 110 114 
3 1100 1111 34 32 118 122 
4 1132 1142 29 27 129 133 
5 1200 1210 25 24 141 146 
6 1228 1239 22 21 156 163 
7 1303 1313 21 21 180 185 
8 1330 1339 21 22 196 202 
9 1403 1418 24 26 215 222 

10 1426 1435 27 28 226 230 
11 1500 1510 32 34 238 242 
12 1531 1541 38 39 247 250 
13 1559 1608 43 44 254 256 
14 1631 1647 49 52 260 263 
15 1700 1709 54 56 265 267 
16 1735 1744 61 63 271 272 
17 1758 1808 66 68 275 276 

18 1830 1839 72 74 279 281 

1 1626 1636 44 46 264 266 
2 1704 1714 51 53 270 272 
3 1830 1838 68 70 283 284 
4 1907 1915 75 76 288 289 

1 912 921 53 51 89 90 
2 946 955 46 44 94 96 
3 1042 1050 35 34 105 107 
4 1138 1147 25 24 122 125 
5 1423 1435 22 24 229 235 
6 1522 1531 32 34 250 252 
7 1611 1619 41 43 261 263 
8 1643 1652 47 48 267 268 
9 1653 1700 49 51 268 269 

the surface. Upward and downward pyranometer 
measurements were collected at 30-s intervals 
while the experiments were in progress. Prior to 
the field studies the MMRs and pyranometers 
were calibrated to ensure consistent results be- 
tween like instruments. 

Reflectance factor and shortwave albedo data 
were acquired for the grass on 15 May 1988, and 
for the bare soil surface on 29 and 30 June 1989, at 
several times during each day. All three days were 
essentially cloud free with low observable haze. 
Table 2 lists the time of day and solar zenith and 
azimuth angles for each analyzed data set. 

Under certain sun-view angle conditions the 
instrument a n d / o r  supporting apparatus cast a 
shadow in the FOV. Such observations were re- 
moved from the data sets. In each spectral band, 
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replicated observations for a view direction were 
averaged and these average spectral bidirectional 
reflectance factors were used in the computation 
of albedo as discussed below. 

COMPUTATIONAL METHODS 

Spectral reflectance factors were derived from ra- 
tios of the spectral radiance reflected from the 
surfaces to the spectral radiance reflected from the 
barium sulfate painted reference panel by 

L(O,&;Oo;A) 
R(O,~,Oo;t~)= Lref (0o,/~,) Rref(Oo,/~ ) . (1) 

R(O,&;Oo;A) is a surface bidirectional reflectance 
factor measured at view zenith angle O, solar 
zenith angle 0 o, view azimuth angle &, in spectral 
band h. L(O, &; 00; A) and Lref(0 0, A) are the ob- 
served surface and BaSO 4 panel radiances, respec- 
tively. The measured bidirectional reflectance fac- 
tor of the reference panel (measured a priori in 
the laboratory), Rref(O o, A) corrects for nonideal 
(i.e., not perfectly reflecting, Lambertian) re- 
flectance characteristics of the panel (Robinson 
and Biehl, 1979). By definition, the use of the term 
bidirectional indicates the measurement of direc- 
tional radiation in infinitesimally small, and im- 
practical to measure, solid angles. However, ac- 
cording to Robinson and Biehl (1979), Eq. (1) can 
be used to approximate bidirectional reflectance 
factors if the conditions of view and illumination 
are the same for the target and reference surface, 
the bidirectional reflectance properties of the ref- 
erence surface are known, the FOV of the instru- 
ment is sufficiently small ( < 20°), and the incident 
radiation is dominated by the directional compo- 
nent. 

Albedo is the ratio of total shortwave 
(0.30-3.00 /xm) radiation flux reflected by a sur- 
face in all directions within the surrounding 2~  
steradian solid angle (i.e., hemisphere) to the total 
downwelling solar flux. Estimation of albedo from 
the spectral bidirectional reflectance factors calcu- 
lated by Eq. (1) was accomplished by two numeri- 
cal integrations of the data. 

The numerical integration used to derive bidi- 
rectional reflectance factors over the shortwave 
region was essentially an average of reflectance 
factors in 10 spectral bands weighted by the 
downwelling solar flux in each of the bands (Irons 

et al., 1988). Kriebel (1979) used a similar weighted 
average of spectral reflectances in his calculations 
of albedos for several vegetated surfaces. Jackson 
(1984) has also calculated the total reflected solar 
radiation from multispectral MMR data using an 
alternative computational approach. In the ap- 
proach used here shortwave bidirectional re- 
flectance factors (p) were computed as 

= 

10 / 10 
p-- E E E, aA,, (3) 

i=1 i=I 
where h indicates wavelength, A A i represents a 
spectral band width, E i represents downwelling 
spectral irradiance in band i, and R i represents 
a spectral reflectance factor at a particular view 
direction in band i. 

The shortwave region was broken into 10 
spectral bands as suggested by Irons et al. (1988) 
for the purpose of numerical integration. The 
LOWTRAN 6 computer code for atmospheric 
transmittance (Kneizys et al., 1983) was used to 
generate downwelling solar flux densities in the 10 
spectral bands (Table 1). A clear rural atmosphere 
(23 km visibility) typical of a midlatitude region in 
the summer was assumed for the flux calculations. 
Irons et al. (1988) utilized solar densities com- 
puted for a range of sun angles, since the spectral 
distribution of sunlight may change as a function 
of optical path length. We found, however, that 
the LOWTRAN calculations tended to overesti- 
mate changes in the spectral distribution mea- 
sured during the time of the experiment, espe- 
cially at larger solar zenith angles. Consequently, 
solar flux densities computed for a solar zenith 
angle of 45 ° were used for all shortwave bidirec- 
tional reflectance calculations. Figure 2 presents 
comparisons of the proportions of in-band spectral 
irradiances in each MMR band measured at three 
solar zenith angles (21°,45°,70°) and those com- 
puted using LOWTRAN 6 (45 ° only). The curves 
agree well for all wavelength bands except for 
0.42-0.52 /xm. The differences in measured and 
LOWTRAN calculated in-band irradiance propor- 
tions are caused by a larger diffuse irradiance 
component in the measured irradiances. The solar 
flux densities used in Eq. (3) are listed in Table 1. 

Reflectance factors in three spectral regions 
not covered by the MMR (1.30-1.50 /xm, 
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Figure 2. Comparison of in-band spectral irradiances mea- 
sured at three solar zenith angles (21°,45 °, 70 °) and those 
eomputed using LOWTRAN 6 (45 ° only). 

1.80-2.08/xm, and 2.35-3.00/~m) were treated as 
negligible on the basis of a priori knowledge of 
typical in situ vegetation reflectance spectra and 
the small proportion of spectral irradiance in these 
bands (Table 1). Reflectance factors in the other 
seven bands were estimated from the measured 
reflectance factors in the MMR spectral bands, 
Consideration of typical vegetation reflectance 
spectra (Irons et al., 1988) indicated that re- 
flectances in the MMR spectral bands were repre- 
sentative of reflectances in the broader spectral 
bands used for numerical integration (Table 1). 

The second step required to calculate albedos 
was an integration of bidirectional reflectance Fac- 
tors over a 2~" sr solid angle (i.e., a hemisphere). 
As shown by Kimes and Sellers (1985), albedo is 
related to a distribution of bidirectional reflectance 
factors by the following double integral: 

a=rr- l f2  fu p(O,qb)cosOsinOdOdc~, (4) 
rr / 

where a equals albedo, p(O, ¢) is a distribution of 
bidirectional reflectance factors at a constant solar 
zenith angle, 0 is the view zenith angle, and 4~ is 
the relative azimuth angle between the solar prin- 
cipal plane and the view azimuthal plane. To 
estimate a from the available bidirectional re- 
flectance factors, the following numerical integra- 
tion was performed: 

8 

" -  E pj an , (5) 
j= l  

where m~"~j equals the projected solid angle of a 

partition of the 27  sr angle: 

A a j =  rr(sinZOj-sin2Oj_l) , (6) 

where 0j = 0 °, 5 °, 15 °, 25 °, 35 °, 45 °, 55 °, 65 °, 90 °, for 
j = 0, 1 . . . . .  8. Each partition is represented by an 
annular ring in the two dimensional projection of 
the 27r sr solid angle [see Irons et al. (1988) for 
further detail]. Also, in Eq. (5), each projected 
solid angle is multiplied by the average of the 
bidirectional reflectance Factor measurements 
made within the solid angle (i.e., the average of 
the eight reflectance factors corresponding to the 
eight view azimuth directions for a given view 
zenith angle): 

k = l  
where 0j_, < 0* < 0j. 

(7) 

The product of ~j and AOj is then summed over 
the eight solid angles to compute albedo. 

The albedos were derived using all of the 
available bidirectional reflectance factor data. Since 
measurements were made in four azimuthal planes, 
a total of eight reflectance values (m = 8) were 
used in Eq. (7) for each solid angle except the 
innermost (i.e., A~-~ 1) when an average of four 
nadir measurements was used. 

A second approach to calculating albedo in- 
volved fitting an empirical equation suggested by 
Walthall et al. (1985) to the distributions of short- 
wave bidirectional reflectance Factors derived for 
both the sod and the bare soil surfaces. Although 
the equation does not explicitly include biological 
or physical parameters which characterize a canopy 
or soil surface, Walthall reported that the equation 
closely reproduced measured distributions of bidi- 
rectional reflectance factors from several plant 
canopies and soil surfaces. The equation expresses 
reflectance Factors as a function of illumination and 
viewing geometry and three empirical coefficients, 
a, b, and c: 

R(o, 6)  = a0 2 - be cos(6) + c, (8) 

where R(O, qb) is percent reflectance Factor, 0 is 
the view zenith angle, and & is the view azimuth 
angle relative to the solar principal plane. The 
equation describes the distribution of bidirectional 
reflectance factors for a constant solar zenith angle 
and the coefficients (a, b, and c) are dependent 
on solar zenith angle. The coefficients were de- 
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rived for the sod and bare soil surfaces by fitting 
Eq. (8) to the distribution of bidirectional re- 
flectances measured for each data set using multi- 
ple linear regression (Table 2). The standard error 
of bidirectional reflectance factor estimates was 
typically about 1% with a range from 0.8% to 2.3% 
for Eq. (8) fit to the grass sod data. For Eq. (8) fit 
to bare soil data, standard errors of the estimates 
were usually between 2% and 3%, with a range of 
1.6-5.3%. 

Equation (8) can be analytically integrated 
over the 27r sr solid angle containing all view 
directions to derive an expression for albedo. The 
result of the integration is provided by Walthall 
et al. (1985) as 

(9) 
where A is percent albedo and where the view 
zenith angles were expressed in radians in Eq. (8). 
Given the empirical coefficients a and c from Eq. 
(8), albedos were calculated for sod and bare soil 
using Eq. (9). 

range of solar zenith angles. The magnitudes and 
trends of these differences are consistent with 
those reported by Kimes and Sellars (1985), com- 
paring hemispherical and nadir spectral re- 
flectances of grass and bare soil surfaces. 

Examination of the angular distributions of the 
full range of bidirectional reflectance factors is 
instructive for determining the sources of the dis- 
crepancies noted above. Plate IV presents plots of 
contours of equal reflectance factors combined with 
surface response plots for grass and soil bidirec- 
tional reflectance factor data acquired at different 
solar zenith angles. View directions are repre- 
sented by polar coordinates as illustrated in Figure 
4. For example, nadir is located at the origin, 
(0, ~b) = (0 °, 0°), and (0, ~b) = (70 °, 180 °) is located 
at the far right of each plot. The reflectance factors 
distributions for grass sod at 21 ° (Plate IVa) varies 
only from 19% in the forward scatter direction 
[e.g., (0, ~b)= (20°,0°)] to about 23% in the back- 
scatter direction (0,~b)=(20 °, 180°). For the 45 ° 
solar zenith angle case (Plate IVb) the reflectance 

RESULTS AND DISCUSSION 

Despite several studies indicating the non-Lam- 
bertian behavior of terrestrial surfaces, it is com- 
mon practice to assume that the nadir reflectance 
factor approximates hemispherical spectral albedo. 
Although it may be practical for studies of large 
scale phenomena (e.g., Pinker and Stowe, 1990) or 
required in the absence of measurements 
(Saunders, 1990), the implication of assuming 
Lambertian behavior for estimating albedo is evi- 
dent in Figure 3. Measured albedos and nadir 
shortwave reflectance factors calculated by Eq. (3) 
are compared for the grass and soil data sets in 
Figure 3a and b, respectively. Measured albedos 
plotted in Figure 3 represent the average of data 
collected within the time interval for the corre- 
sponding bidirectional reflectance factor data (viz., 
Table 2). For the grass, the nadir reflectance factor 
agrees with albedo within 10% at small solar zenith 
angles (i.e., < 30°). Nadir reflectance factor re- 
mains fairly constant over the range of observed 
sun angles whereas albedo increases with the ab- 
solute differences increasing to 37% at 73 °. For the 
soil data, nadir reflectance factors decrease as solar 
zenith increases while albedo increased only 
slightly. Differences of over 25% occur at small 
sun angles and were smallest within the 45-52 ° 

Figure 3. Comparison of measured albedos and nadir short- 
wave reflectance factor for the grass (A) and soil (B) data sets. 
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Figure 4. Polar plot showing coordinate system used to display bidirec- 
tional refleetanee ~aetor data in Plate IV. 

distribution is lowest near nadir and greatest near 
the hot spot direction of (O, qb)=(70 °, 180°). Re- 
flectance factors also increase from small view 
zenith angles to large view zenith angles giving 
the distribution a bowl-like appearance. At a solar 
zenith angle of 67 ° reflectance factors increase 
greatly from a minimum near nadir as view zenith 
angle increases for all view azimuth directions. 
Again, the greatest increase in reflectance occurs 
in the backscatter direction. The reflectance be- 
havior noted is caused by the erectophile structure 
of the grass leaves (i.e., mostly vertical arrange- 
ment). When viewed at near nadir angles, the 
FOV contains more shadows cast by the leaves 
and reflectance factors are relatively low. At larger 
view zenith angles the FOV is dominated by the 
reflected light from the erect grass leaves and 
reflectance increases [see Kimes (1983) for more 
details regarding directional reflectance of vege- 
tated and bare soil surfaces, respectively]. Conse- 
quently, albedo will be weighted by this strong 
anisotropy, whereas nadir reflectance will vary 
only slightly with changing solar angle. 

The soil data shortwave reflectance factor dis- 
tributions for solar zenith angles of 22 ° , 41 ° , and 
67 ° are presented in Plates IVd, IVe, and IVf, 
respectively, In each case reflectance factors are 
lowest in the forward scattering direction and in- 
crease through nadir until a maximum is reached 

in the baekscatter direction. This is related to the 
relatively rough surface of the soil. For view direc- 
tions in the forward scatter direction (i.e., ~b = 0 °) 
the sensor FOV contains shadows cast by clods on 
the soil surface. When viewed from the backscat- 
ter direction (i.e., ~b = 180°), sunlit soil dominates 
the field of view. Since the proportion of the FOV 
containing shadows increases with larger solar 
zenith angles the nadir reflectance factors will 
decrease as the solar zenith angle increases as 
observed in Figure 3b. Since albedo is an integra- 
tion of reflectance over all angles the strong pref- 
erential scattering observed in Plate IVe and IVf 
does not appear to dominate the hemispherical 
reflectance. 

The general trends of measured albedo over 
the grass and soil are shown in Figures 5a and 5b, 
respectively. Albedos derived from upward and 
downward looking pyranometers at 30-s intervals 
are plotted against time of day and solar zenith 
angle. Estimates of albedo calculated with Eq. (5) 
with numerical integration of bidirectional re- 
flectance factors and albedos estimated with the 
empirical formulation of Walthall et al. (1985) [Eq. 
(9)] are also shown. For the grass (Figure 5A), 
albedos appear to be symmetric about solar noon. 
Albedos were lowest at solar noon and increased 
by nearly 48% from noon to late afternoon. Albe- 
dos estimated with both techniques follow closely 
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Figure 5. Diurnal trends of albedo derived from pyranome- 
tar data, numerical integration, and integrated empirical fit 
to the data (Walthall et al., 1985) for grass sod (A) and bare 
soil (B), 

the measured trend but underestimate the average 
of measurements with maximum relative errors of 
3.8% and 2.7% for numerical integration and 
Walthall's model, respectively (Table 3). The albe- 
dos obtained for the bare soil (Figure 5B) also 
increase for sun angles away from solar noon; the 
changes from morning to noon or noon to after- 
noon are much less ( <  7%) than those for the 
grass. Estimated albedos were greater than aver- 
age measured values by as much as 4.0% (relative) 
using the numerical integration technique and 
5.1% (relative) using the empirical model 
(Table 3). 

To further illustrate the comparison of the two 
albedo estimation techniques with measurements, 
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o 
-o 26 03 

< 24 
7O 
q) 
*~ 22 
E 
~ 20 
t .J  

18 

16 
16 18 20 22 24 26 28 30 32 

Measured Albedo (%) 
Figure 6. Estimated albedos from both the grass and bare 
soil plotted against pyranometer values averaged over the 
time interval corresponding to each bidirectional reflectance 
factor data set (Table 2). 

Figure 6 presents estimated albedos from both the 
grass and bare soil plotted against measured val- 
ues. Measured values represent pyranometer val- 
ues averaged over the time span required to ac- 
quire each set of bidirectional reflectance factor 
data (approximately 10 min). Regression analyses 
for estimated versus measured albedos were per- 
formed with the grass sod and soil data sets sepa- 
rately, as well as combined. In addition, two fig- 
ures of merit were used to examine the errors of 
the two techniques. The absolute root mean square 
error [rmse(a)] gives the expected error with re- 
spect to the full scale of measurement (i.e., 
0-100%) whereas the relative root mean square 
error [rmse(r)] indicates the expected error rela- 
tive to measured values (Table 4). 

The results of the statistical analyses are shown 
in Table 4. Examining the surface types separately 
shows that rmse(a) and rmse(r)  values were about 
0.5% and 2.0%, respectively, for the grass sod 
using the numerical integration technique. The 
errors improved to 0.3% and 1.3%, respectively, 
using the empirical model fit to the data. The 
results for the soil data show lower r 2, but small 
( < 0.5%) rinse(a) values for both techniques. The 
rmse(r)  values for the soil were the largest found 
for either surface, but still less than 2.5%. 

Performing similar regression analysis with the 
combined data sets yielded correlation coefficients 
( r  2) of 0.99 for both the numerical integration and 
empirical model techniques, respectively. Inter- 
cept (b 0) and slope (b 1) coefficients, however, 
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Table 3. C o m p a r i s o n  o f  A l b e d o  E s t i m a t e d  b y  N u m e r i c a l  I n t e g r a t i o n  o f  B R D F ,  W a l t h a l l  

E m p i r i c a l  M o d e l ,  a n d  A v e r a g e  o f  P y r a n o m e t e r  A l b e d o s  M e a s u r e d  D u r i n g  T i m e  o f  

R e f l e c t a n c e  F a c t o r  M e a s u r e m e n t s  

Solar Solar Albedo Albedo Rela- Albedo Rela- 
Zenith Azimuth (Pyrano- (Numerical tire (Walthall tire 

Time Angle Angle meter) Integration) A Model) A 
Date EDT (deg) (deg) (%) (%) (%) (%) (%) 

1 / 5 / 1 2 / 8 8  1012 43 107 23.82 23.44 - 1.60 23.62 - 0.84 
(sod) 1035 39 112 23.13 22.94 - 0.82 23.10 - 0.13 

1104 34 120 22.36 22.12 - 1.07 22.26 - 0,45 

1135 29 130 21.69 21.59 - 0.46 21.69 - 0.00 

1204 25 143 21.22 21.05 - 0.80 21,14 - 0.39 

1232 22 158 21.00 20,51 - 2.33 20,56 - 2.10 

1306 21 182 20.62 20.37 - 1.21 20.43 - 0.92 

1334 22 I99 20.70 20.21 - 2 . 3 7  20.26 - 2 . 1 3  

14t18 25 218 21.06 20.45 - 2.90 20.52 - 2.56 

1429 28 227 21.08 20.79 - 1.38 20.86 - 1.02 

1503 33 239 21.78 21.24 - 2 . 4 8  21.37 - 1.88 

1534 39 248 22.61 22.23 - 1.68 22.37 - 1.06 

1 6 0 3  44 255 23.45 23.11 - 1.45 23.26 - 0.8 I 

1637 50 261 24.62 24.14 - 1.95 24.35 - 1.10 

1703 55 266 25.84 25.13 - 2 . 7 5  25.42 - 1.63 

1738 62 272 27.39 27.21 - 0.66 27.54 0.55 

1803 67 275 28.69 27.93 - 2.65 28.40 - 1.00 

1833 73 280 30.43 29,26 - 3,84 29,86 - 1.87 

06/29/89 1631 45 265 17.37 17.25 - 0 . 6 9  17.28 - 0 . 5 2  

(soil) 1709 52 271 17.37 17.57 1.15 17.65 1.61 

1834 68 283 17.82 18.37 3.09 18.73 5.11 

1911 75 288 18.23 18.43 1.10 18.90 3.68 

1 / 6 / 3 0 / 8 9  0916 52 90 17.37 17.67 1.73 17.69 1.84 

(soil) 0950 46 95 17.18 17.48 1.75 17.43 1.46 

1046 35 106 17.11 17.53 2.45 17.42 1.81 

1142 25 123 16.87 17.55 4.03 17.48 3.62 

1428 23 231 17.02 17.45 2.53 17.44 2.47 

1526 32 251 17.16 17.54 2.21 17.54 2.21 

1615 42 262 17.32 17.29 - 0 . 1 7  17.34 0.12 

1647 48 267 17.28 17,14 - 0 . 8 1  17.25 - / ) . 1 7  

1656 49 268 17.48 17.10 - 2 . 1 7  17.22 - 1.49 

Table 4. I n t e r c e p t  ( b o ) ,  S l o p e  ( b l ) ,  C o r r e l a t i o n  C o e f l % i e n t s  ( r 2 ) ,  a n d  R o o t  M e a n  S q u a r e  E r r o r s  ( r m s e )  f o r  

C o m p a r i s o n s  o f  A l b e d o  E s t i m a t e d  w i t h  N u m e r i c a l  I n t e g r a t i o n  o r  W a l t h a l l  M o d e l  a n d  A l b e d o  M e a s u r e d  w i t h  

P y r a n o m e t e r s  

Numerical Integration Walthall Model 
b o b I r e rinse (a) (%)a rinse (r)" b o b I r 2 rinse (a) (%) rinse (r) 

C o m b i n e d  1.706/' 0.911 c 0.994 0.449 2 ,050 1.208 t' 0.941 c 0.993 0.366 1.884 
Sod 0 .867 I' 0.945 c 0.994 0.502 2.010 - 0 . 1 4 9  0.995 0.993 0.313 1.342 

Soil 3 .675 0.801 0.474 0.363 2.104 - 3 .996 1.247 0 .659 0.428 2 .440 

J rms ,r,  00 lj2 
w h e r e  n is the n u m b e r  of  observat ions ,  ei is the es t imated  albedo,  and  Pl is a lbedo m e a s u r e d  wi th  pyranomete r s .  

1'b o s ignif icant ly  different  f rom 0.0 at  a = 0.05. 
Cb z s ignif icant ly different  from 1.0 at a = 0.05. 
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were found to be statistically different from 0.0 
and 1.0, respectively, rinse(a) and rmse(r) values 
for the numerical integration techniques were 0.5% 
and 2.0% for the combined data. rmse values from 
the Walthall model were slightly lower at 0.4% 
absolute errors and 1.9% relative errors. 

SUMMARY 

The results of this study support the use of dis- 
crete wavelength, multiple angle surface bidirec- 
tional reflectance factors data to estimate total 
shortwave albedo. Both numerical integration and 
integration of an empirical model fit to the data 
produced estimates of shortwave albedo that 
closely agreed with coincident independent mea- 
surements of albedo obtained by the more conven- 
tional use of pyranometers. The results of our 
analysis, based on a grass canopy and a tilled bare 
soil surface, also suggest that either albedo estima- 
tion technique may be used to characterize the 
hemispherical reflectance of surfaces with very 
different observed reflectance factor distributions 
(e.g., Plate IV). 

Although albedos have been estimated from 
multiple direction reflectance factor data in the 
past, previous studies did not generally compare 
such estimates to independent albedo measure- 
ments. The close agreement found in this study 
between albedo estimated from reflectance factors 
and albedo from pyranometers validates the cur- 
rent and past use of multiple direction reflectance 
factor data to estimate albedo for similar surfaces. 
Additional studies of other surface types are 
needed to characterize the variability of albedo as 
a function of surface type and solar zenith angle. 

The results of this study indicate that multian- 
gle observations from new and future remote sens- 
ing instruments may be a viable approach for the 
characterization of terrestrial surface albedos. 
Pointable imaging spectroradiometers such as the 
airborne Advanced Solid-State Array Spectrora- 
diometer (ASAS) (Irons et al., 1991) currently 
provide the capability to rapidly acquire multiple 
angle spectral data over a wide variety of terres- 
trial surfaces. Its capabilities can be explored us- 
ing ground-based data similar to that employed in 
this study with appropriate treatment of atmo- 
spheric effects. The same is true for sensors pro- 
posed for the future Earth Observing System, for 

example, which are being designed to provide 
observations over the entire shortwave region from 
multiple view directions. These proposed sensors 
include the Moderate Resolution Imaging Spec- 
trometer-Tilt (MODIS-T) (Salomonson et al., 
1989), the High Resolution Imaging Spectrometer 
(HIRIS) (Goetz and Herring, 1989), and the Mul- 
tiangle Imaging Spectroradiometer (MISR) (Diner 
et al., 1989). 

These types of sensors will provide data from 
fewer view directions than the number of view 
directions utilized in this study. Further analyses 
of the available surface observations are needed to 
specify the minimum number and location of view 
directions required for accurate estimation of sur- 
face albedos. 

Data on diurnal and seasonal albedo dynamics 
of many additional surface types are required to 
evaluate the expression of surface albedo in mod- 
els of biophysical processes. In addition, global 
scale monitoring of surface albedos with stated 
accuracies of 2-15% (e.g., Way and Schier, 1989) 
are needed to detect environmental and climatic 
changes and to anticipate future changes. Al- 
though the techniques discussed here have been 
shown to estimate albedo within 3%, additional 
work is required to examine their validity under 
varying atmospheric and topographic conditions. 
Further efforts to establish remote sensing meth- 
ods for determining surface albedo are well justi- 
fied, since remote sensing offers the only practical 
means for repeatedly observing the albedo of di- 
verse terrestrial surfaces on a global scale. 

This work was funded by NASA Headquarters" and Goddard 
Space Flight Center, Biospheric Sciences Branch. The authors 
wish to acknowledge the assistance of Frank Wood, Ned 
Homing, and Mike Bur in carrying out the measurements and 
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